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Abstract
To understand the role of lipids during early embryogenesis, major lipid classes together with individual fattyacid and sterol composition were determined in embryos from multiple developmental stages of the euphausiids
Euphausia pacifica and Thysanoessa spinifera. Average lipid content in embryos of E. pacifica and T. spinifera
from the earliest stage (multicell) were 4.45 and 3.69 mg embryo21, respectively. During development, the lipid
content decreased at similar rates in the embryos of both species. In contrast to many crustacean eggs,
phospholipids were the dominant lipid class in all embryonic stages, with decreasing concentrations seen during
development. Individual fatty acids and sterols showed selective utilization during early developmental stages.
The dominant fatty acids were 16:0 and 16:1v7 and 20:5v3, with most polyunsaturated fatty acids preferentially
metabolized throughout early stages. An exception was 22:6v3, which remained near constant through all stages.
Cholesterol was the dominant sterol (.82% of total sterols) in embryos, with only minor changes during
development. The appearance of algal sterols and fatty alcohols, including phytol, in T. spinifera embryos
suggests that considerable amounts of algal lipids are directly allocated to eggs during vitellogenesis. Despite the
substantial changes in lipid amount and composition during embryo development, the presence of phospholipids
as the dominate lipid store acts to moderate changes in egg-sinking rate for both species until the late (early and
late limb-bud) stages of development.

Along the Oregon coast, two temperate euphausiid
species, Euphausia pacifica Hansen and Thysanoessa
spinifera Holmes, account for about 90% of euphausiid
abundance and biomass (Gómez-Gutiérrez et al. 2005) and
play significant roles in the marine ecosystem as links
between primary producers and top predators, such as
fishes, marine birds, and mammals. To understand the
ecologic niche that these species occupy, we must study
their life cycles and vital rates (i.e., fecundity, growth, and
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mortality). Yet, their reproductive strategies and recruitment mechanisms remain poorly understood. Euphausiid
embryos (rather than ‘‘eggs,’’ which refers strictly to
unfertilized oöcytes) are delicate and difficult to manipulate
experimentally, and as a consequence, relatively few studies
have examined the embryology, hatching mechanism, and
vertical distribution (Marschall and Hirche 1984; Iguchi
and Ikeda 1994; Gómez-Gutiérrez 2003). The embryos
of most broadcast euphausiid species, including E.
pacifica and T. spinifera, have a unique feature during
their early embryonic development: they are released near
surface waters and sink rapidly to depth, where they may
hatch. After hatching, the nonfeeding larval stages
(nauplii and metanauplii) ascend and arrive in the surface
water at metamorphosis to the first feeding stage,
calyptopis 1 (Quetin and Ross 1984; Gómez-Gutiérrez
2003). The daily migration of adults and sinking of
eggs (i.e., embryos) separate the parental stock from
their eggs (Brinton and Willie 1976), which makes
estimations of recruitment rate (or mortality) of the
embryos difficult.
Embryogenesis of E. pacifica from fertilization to
hatching of the first nauplius has been postulated to occur
during transit of embryos to deep waters, with increased
sinking rates in older stages (Ross 1981; Quetin and Ross
1984; Gómez-Gutiérrez 2003). Previous studies have
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demonstrated that sinking rates of euphausiid embryos
vary during development, with gradual decline as embryos
develop through the multicell cleavage to gastrula stage
(Quetin and Ross 1984; Ross and Quetin 1985; George and
Strömberg 1985). Differences in the sinking rates of
embryos may result from (1) external abiotic factors, such
as local seawater density and current speed and direction,
(2) changes in embryo biochemical composition associated
with development, or (3) both external abiotic factors and
changes in embryo biochemical composition (Amsler and
George 1985; George and Strömberg 1985; Hofmann and
Hüsrevoğlu 2003). Among the major biochemical components of developing embryos, lipids are considered one of
the most important sources of metabolic energy. In marine
crustaceans, the major lipid components include wax esters
and triacylglycerols used for energy storage and phospholipids and sterols used as major structural (i.e., membrane)
lipids. Each lipid component has a different density
(Hadley 1985), and, thus, lipid content and composition
can influence buoyancy of eggs, embryos, and animals
(Kattner and Hagen 1998; Visser and Jónasdóttir 1999;
Campbell and Dower 2003). Triacylglycerols are the most
common form of energy storage in eggs, as well as for later
life stages, of most marine organisms (Cowey et al. 1985;
Harrison 1990; Sargent 1995). However, exceptions exists;
the Antarctic euphausiid E. crystallorophias spawns embryos that are both high in lipids (i.e., 51% of dry weight)
and composed of large amounts of low-density wax esters,
which leads to embryos that are neutrally buoyant
(Harrington and Thomas 1987; Kattner and Hagen
1998). This adaptation may provide some advantage by
maintaining developing embryos in surface waters of its
shelf habitat. Some copepods, such as Calanus finmarchicus, however, contain wax esters that have a greater
compressibility and larger thermal expansion than seawater, which allows animals with large wax-ester stores to
become more negatively buoyant as they sink to deeper
waters during winter diapause (Visser and Jónasdóttir
1999; Campbell and Dower 2003). Similar changes in
sinking rates would be expected for euphausiid eggs and
embryos if they were rich in wax esters and other
biochemical components (e.g., protein) that might also
affect density (e.g., Irigoien 2004; Visser and Jónasdóttir
1999). Albessard et al. (2001) and Mayzaud et al. (2003)
observed phospholipids as an important lipid component in
some euphausiids and have suggested that they might be
used as major energy sources for reproduction and
embryonic development. Lipids apparently represent not
only a major source of energy for developing euphausiids
but also one of several biochemical components that could
affect the depth of embryos at hatch.
The objective of this study was to examine the role
of lipids in E. pacifica and T. spinifera embryos by
following lipid classes, together with detailed information
on fatty acids and sterols, during embryonic development stages. Quantifying such changes in embryo-lipid
composition during development also allows estimation of
overall embryo density and, thus, the impact of biochemical compositional changes on sinking rates in the
field.
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Materials and methods
Embryo collection—Mature females were collected at
night by use of a 60-cm diameter Bongo net with a 333-mm
mesh during nine oceanographic cruises along the Newport
Hydrographic line (NH line, 44u389N) in the Oregon
upwelling system as part of the U.S. GLOBEC sampling
program. The zooplankton catch was diluted into 20-liter
insulated containers filled with surface seawater. Females
were transported to a constant-temperature cold room
(10uC) at Hatfield Marine Science Center (HMSC) within 2
to 3 h after collection. Healthy appearing, gravid females
(maturity stage IV, purple-colored gonad) were sorted and
placed into 2-liter bottles filled with sieved (64-mm mesh)
surface seawater from the stations where the females were
collected. One female was placed in each bottle. Variable
numbers of replicates were made for each cruise, according
to the availability of gravid females in samples. Bottles were
incubated under constant temperature of 10uC 6 0.5uC,
with a light cycle of 12 h darkness and 12 h low light. The
females were monitored every hour after incubation to
observe spawning and to estimate the age of the brood. If
a female spawned, the embryos were collected with a 64-mm
mesh sieve. Embryos were counted, and the chorion (the
outmost membrane of the embryo) and embryo diameter
measured at different developmental stages. Individual eggs
of the same developmental stage were sorted into different
petri dishes. Egg development was also monitored by use of
a digital camera (Olympus Camedia 3040 Zoom, 3.1 3
1026 pixels resolution) mounted on a stereomicroscope.
Digital pictures were recorded every 10 min during the
first 8 to 10 h of embryo development, every hour
between 10 to 15 h, and every 2 to 4 h after 15 h until
the end of the experiment. The eggs of T. spinifera are
very sticky, and incubations with this species relied on
Teflon bottles or polycarbonate jars and a dissecting
stereomicroscope to directly observe embryos without
handling.
The early embryonic developmental stages were classified into seven major stages, according to the developmental sequence previously described (George and Strömberg
1985; Quetin and Ross 1984, 1989; Gómez-Gutiérrez 2002).
Stages were defined as follows:

N
N
N
N
N

N
N

Single cell (SC). A recently spawned embryo, perivitelline space minute, and no sign of cleavage.
Multiple cell (MC). The initial stage of cleavage to
multicellular.
Blastula (BL). The formation of one layer of cells.
Gastrula (GL). The formation of two layers of cells
enclosing a central cavity (archenteron).
Early limb-bud (eLB). The embryo is transformed into
nauplius, the naupliar appendages still connected with
the body by a membrane, and limb primordia visible in
lateral view as ridges.
Late limb-bud (lLB). The distal ends of the limbs have
become free, tubelike structures.
Twitch (TW). The nauplius has taken shape, no
membrane surrounds it, appendages are freely sus-
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pended from the body, and, in a live embryo, the
nauplius moves the appendages and has a pulsating
heart.
The development time of each embryo stage at 10uC for
both species was estimated and reported by GómezGutiérrez (2002, 2003). For each euphausiid species,
embryos (27 to 90) were collected for each of three
developmental stages (MC, GL, and lLB for E. pacifica
and MC, BL, and eLB for T. spinifera) from the same
brood stock and immediately frozen in liquid nitrogen and
stored at 280uC. For lipid analysis, embryos from the same
developmental stage were pooled, which provided a total of
six composite samples composed of multiple embryos at the
same developmental stage.
Lipid extraction and analysis—Total lipids were extracted from freshly thawed embryos with a mixture of
CH2CL2 : MeOH (1 : 1) in solvent-washed, 25-mL, screwcap glass/Teflon-lined cap test tubes with probe sonication,
as previously described (Harvey et al. 1987). The solvent
was removed by rotary evaporation, and then total lipid
redissolved in 50–100 mL of CH2CL2 : MeOH (2 : 1). Subsamples of lipid extracts were used for lipid-class analysis,
and the remaining fraction was used for individual lipid
(i.e., fatty acids and sterols) analysis.
Major lipid-class composition was determined by thinlayer chromatography with flame ionization detection
(TLC-FID) that utilized an Iatroscan MK-V Analyzer
(e.g., Ju and Harvey 2004). Aliquots (1–2 mL) of total
extracts were spotted onto replicate S-III Chromarods,
focused in CH2CL2 : MeOH (1 : 1) and developed in
hexane : diethyl ether : formic acid (85 : 15 : 0.2) for separation of major lipid classes. This solvent system allowed
individual neutral lipid classes to be separated and
identified; phospholipids remained at the origin and were
not quantified individually. Lipid classes were identified
and calibrated by use of a mixture of commercial lipid
standards (Sigma). Peak areas were integrated (HP
ChemStation) and quantified by use of a standard lipid
mix of similar composition run in parallel. Total-lipid
content was determined by the summation of all lipid
classes quantified by TLC-FID. Overall precision for total
lipid and major classes was never greater than 610%.
Quantification of individual components in neutral
(alcohols and sterols) and polar (fatty acids) lipid fractions
were performed as previously described (Ederington et al.
1995). Internal standards (5a-cholestane for neutral and
nonadecanoic acid for polar) were added to the remaining
fraction of the total-lipid extract. Solvent was dried under
N2 and the sample subjected to alkaline hydrolysis by use of
0.5 mol L21 methanolic KOH, with gentle heating. After
cooling and addition of water, neutral lipid fractions were
partitioned three times with a mixture of hexane : diethyl
ether (9 : 1). The neutral fraction was treated with 30 mL of
bis(trimethylsilyl) trifluoroacetamide (BSTFA) with 25%
pyridine to convert free alcohols to their corresponding
trimethylsilyl (TMS) esters. Polar lipid fractions that
contained fatty acids were partitioned similarly after
acidification to pH 2 and converted to fatty-acid methyl

esters (FAMES) by use of BF3-MeOH. A subsample of
FAMES was treated with dimethyl disulfide (DMDS) to
determine double-bond position of monounsaturated fatty
acids (Nichols et al. 1986). Procedural blanks were
processed in parallel with samples that had similar internal
standards. Polar and neutral lipids were quantified by
capillary-gas chromatography (HP-5890-II GC) equipped
with a flame ionization detector. Separations were
performed with DB-5MS fused-silica column (60-m
length 3 0.32-mm i.d. 3 0.25-m film thickness) and
hydrogen as carrier gas. Samples were injected in splitless
mode at an initial oven temperature of 50uC and an injector
temperature of 225uC. The oven temperature was then
ramped at 15uC min21 to 120uC and thereafter 4uC min21
to 300uC and held at 300uC for 10 and 20 min for polar
and neutral lipids, respectively. All data were processed
by use of a dedicated data system (HP ChemStation),
with quantification based on peak-area response
compared with the internal standards. Structural identification utilized gas chromatography–mass spectrometry
(GC-MS; Agilent 6870 GC with Agilent 5973 MSD)
operating at 70 eV, with mass range acquisition of 50–700
atomic mass units. The column and temperature programs
for the GC-MS are similar to that described above, with
helium used as a carrier gas and injector temperature of
250uC.
Implications of biochemical-compositional change on
embryo-sinking rates—To evaluate how the sinking rates
of embryos are affected by changes in biochemical
composition during embryonic development, we estimated
egg densities under three different hypothetical scenarios
(see Web Appendix 1 for assumptions and calculations,
http://www.aslo.org/lo/toc/vol_51/issue_5/2398al.pdf ). In
the first scenario, only the amount of lipid present during
embryonic development could affect embryo density, with
no changes to other biochemical components. In this
scenario, we also assumed that the lipid composition
remained constant throughout (despite known differences)
to test how lipid content alone might affect embryo-sinking
rates. In the second case, the lipid density in the first
scenario was adjusted to the compositional-specific density
of lipids on the basis of actual lipid measurements (given in
Table 1). In the third scenario, changes in all major
biochemical components of embryos were included to
estimate density during embryonic development. For the
third scenario, protein dynamics during development
are unknown for these species, and, thus, the change of
protein content through embryogenesis was assumed to be
equal to that for E. superba estimated by Amsler and
George (1985). For all three scenarios, we assumed SC
embryos were spawned shallower than 50-m deep, in
keeping with the observation that most spawning occurs
during the night near the surface (Gómez-Gutiérrez 2003).
The potential for osmotic regulation of embryos and,
thus, small density changes, was not considered (e.g.,
McAllen et al. 1998), and the density of water was assumed
equal to that of the surrounding seawater at any given
depth.
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Table 1. Total-lipid content (mg embryo21) and lipid-class composition (% of total lipids) during three major embryonic
development stages of E. pacifica (MC, GL, and lLB stages) and T. spinifera (MC, BC, and eLB stages).
Lipid class (% of total)
Species

Embryo stage

PL

ST

FFA

TAG

WE

Density of lipid*
(g cm23)

E. pacifica

MC
GL
lLB
MC
BL
eLB

57.8
86.8
64.5
58.2
49.1
66.7

4.0
1.1
5.0
3.8
3.8
4.0

7.0
0.2
0.8
5.9
4.9
0.8

29.5
11.0
25.9
26.0
28.9
24.1

1.7
0.9
3.8
6.1
13.3
4.4

0.986
1.036
1.017
0.996
0.980
1.010

T. spinifera

Total lipids
(mg embryo21)
4.45
3.18
1.24
3.69
3.75
1.6060.04

(50){
(60)
(29)
(66)
(92)
(25 and 27){

* Density of each lipid class was obtained from Hadley (1985), with exception of phospholipids, whose density was estimated by Grain’s method (Nelken
1990); Phospholipids (PL) 5 1.05, sterols (ST) 5 1.07, free fatty acids (FFA) 5 0.87, triacyglycerols (TAG) 5 0.92, and wax esters (WE) 5 0.82 g cm23.
{ Number of embryos pooled for analysis.
{ Two separate pooled samples were analyzed.

Results
Lipid content and class composition—Total-lipid content
of the MC embryos of E. pacifica and T. spinifera in
composite samples were 4.45 and 3.69 mg embryo21,
respectively. During embryonic development, lipid content
of both species steadily decreased at relatively similar rates
(, 0.11 mg embryo21 h21 [Table 1]). The embryos of E.
pacifica contained slightly higher lipid than those of T.
spinifera, particularly at MC stage (Table 1). Unexpected
was the observation that phospholipids (PL) constituted
the major lipid class of early developmental stages in both
euphausiid species (49–87% of total lipids). A substantial
decrease in concentration of PL was seen during later stages
of embryonic development and was more pronounced for
E. pacifica (Table 1). The second most-abundant lipid class
was triacyglycerol (TAG) (11–30% of total lipids) followed
by wax esters (WE), sterols (ST), and free fatty acids (FFA)
(,13% of total lipids). Relatively higher amounts of WE
were present in the embryos of T. spinifera, whereas only
trace amounts of WE were detected in the embryos of E.
pacifica. A substantial decrease in concentration of PL was
seen during later stages of embryonic development and was
more pronounced for E. pacifica (Table 1). The observed
changes in lipid-class composition during embryogenesis
also have implications for embryo density and, thus,
sinking rates through the water column, especially for T.
spinifera, which contained relatively higher wax-ester
content.
Fatty-acid and sterol composition—During embryogenesis, total fatty acids showed a similar trend as total-lipid
content; they decreased at similar rates (0.11 and 0.13 mg
embryo21 h21 for E. pacifica and T. spinifera, respectively)
(Table 2). The fatty-acid distributions of embryos were also
similar between the two species, with the addition of
significant amounts of the branched C18 (anteiso 18 : 0)
seen in the embryos of E. pacifica (Table 2). Among fatty
acids, 16:0, 16:1v7, and 20:5v3 (eicosapentaenoic acid
[EPA]) were dominant, with considerable changes observed
during early embryonic development for both euphausiid
species. The concentration (per embryo) of these major
fatty acids decreased during embryonic development, even

though the relative abundance of the 16:0 acid increased.
On the basis of grouped fatty-acid composition, polyunsaturated fatty acids were preferentially metabolized
throughout embryogenesis, particularly for E. pacifica
(Fig. 1). Yet, the concentration of 22:6v3, known as an
essential fatty acid for embryonic and larval development
(e.g., Watanabe 1993), showed little change through the
stages examined.
Total sterols in embryos of T. spinifera steadily decreased (5.6 pg embryo21 h21) through early development,
but for E. pacifica embryos, sterols were principally used
during early stages between MC and GL (Table 3). Sterol
distributions of E. pacifica embryos were much simpler
than those of T. spinifera. Even though cholesterol was the
primary structure (.82% of total sterols) in the embryos
for both species, minor amounts of other sterols were also
detected. Notable amounts of various algal sterols and
trace amounts of fatty alcohols and phytol were present in
embryos of T. spinifera during earlier stages (MC and BL).
Compositional changes and embryo-sinking rates—The
calculated densities of fresh embryos were 1.0503 and
1.0535 g cm23 for E. pacifica and T. spinifera, respectively.
These calculated embryo densities are near the value
reported for E. superba embryos (1.0459 g cm23) (Quetin
and Ross 1984) but less than embryos of the copepods
Calanus glacialis (1.0556) and C. finmarchicus (1.0639 and
1.0812 g cm23) (Knutsen et al. 2001). From this calculation
(Web Appendix 1, Eq. A2), the average wet weights of fresh
embryos of E. pacifica and T. spinifera are 32.6 and 27.9 mg
embryo21, respectively. Quetin and Ross (1984) and
Amsler and George (1985) have previously shown for E.
superba that calculated embryo weights that utilize density
are not significantly different from the directly measured
weights. By application of this calculated embryo wet
weight, density estimates were made at different embryo
stages. If the embryo density and its lipid content are
known, then the fraction of other major biochemical
components (mainly protein and seawater) in the embryos
can also be estimated (see Web Appendix 1, Eq. A3). By use
of these initial values, the embryo densities of different
embryonic stages in all three different scenarios were
calculated and shown in Table 4 and Fig. 2.
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Fatty-acid composition (% of total fatty acids) in embryos of E. pacifica and T. spinifera during development.
E. pacifica

Fatty acid
Saturates
14:0
15:0
16:0
17:0
18:0
20:0
22:0
Monounsaturates
16:1v9
16:1v7
16:1v5
16:1v3
18:1v9
18:1v7
18:1v5
20:1+
22:1+
Polyunsaturates
16:4v1
16:3v4
16:2v6
18:4v3
18:3v3
18:2+
20:5v3
20:4v6
20:4v3
20:2v6
22:6v3
22:5v6
22:5v3
Branched
i15:0
a15:0
a16:0
i17:0
a17:0
a18:0
Total % SAFA
Total % MUFA
Total % PUFA
Total % BrFA
Total FA (mg embryo21)

T. spinifera

MC (50)*

GL (60)

lLB (29)

MC (66)

BL (92)

eLB (27)

5.5
0.9
21.3
0.7
7.1
Tr
Tr

1.7
0.3
30.4
0.3
3.9
0.1
Tr

4.2
0.6
34.1
0.3
2.9
0.1
Tr

4.8
0.4
28.7
0.3
3.2
Tr
0.2

5.6
0.4
0.8
0.2
2.7
Tr
Tr

3.3
0.5
32.0
0.3
3.1
0.2
0.3

0.2
10.8
0.2
0.2
6.8
8.3
0.1
0.7
1.0

0.2
8.1
0.3
0.1
8.0
8.1
0.3
1.3
0.1

0.2
7.1
0.4
0.1
5.5
5.6
0.3
1.3
0.1

0.2
11.2
0.2
0.2
7.7
7.3
0.1
1.3
0.7

0.2
12.7
0.3
0.2
9.0
7.8
0.1
0.8
0.4

0.2
9.4
0.2
0.1
9.4
5.1
0.2
2.5
Tr

1.0
1.1
1.9
1.5
0.2
1.1
25.8
0.7
0.3
0.2
2.4
Tr
0.4

0.5
0.6
2.7
1.1
0.1
1.4
19.0
0.2
Tr
Tr
4.8
0.3
—

Tr
0.8
2.5
0.7
Tr
1.4
13.4
Tr
—
—
7.5
0.2
—

0.8
0.9
1.6
9.1
0.1
1.1
16.0
0.3
1.2
—
1.3
Tr
0.4

1.1
1.0
1.7
1.0
0.1
1.0
19.2
0.4
0.3
0.1
2.0
Tr
0.3

0.4
0.2
1.4
0.7
0.1
0.6
14.3
0.2
0.2
0.3
11.8
0.5
0.6

0.1
Tr
Tr
0.2
0.1
4.3
30.4
28.3
36.7
4.6
4.5

1.1
0.4
0.3
0.2
0.3
4.9
35.8
26.4
30.7
7.1
2.2

3.8
0.9
0.4
0.3
0.6
3.9
42.1
21.0
26.9
10.0
1.1

0.1
0.1
—
0.2
0.1
0.1
37.6
29.0
32.8
0.6
3.6

0.1
Tr
—
0.2
0.1
0.1
39.6
31.6
28.2
0.6
4.2

0.3
0.6
0.1
0.2
0.6
0.2
39.6
27.0
31.3
2.1
1.0

* Number of embryos pooled in the sample.
Branched acids are indicated by i (iso) and a (anteiso). The symbol + indicates all isomers combined. Tr indicates trace concentration , 0.099%. The
symbol — indicates concentration below detection limit or absent.

In general, embryo density was variable during development for the three scenarios tested. Trends of the
embryo densities estimated from the first and second
scenarios were similar, but significant differences were seen
for developing embryos of E. pacifica, particularly at GL
stage, when specific lipid classes (i.e., phospholipids) were
preferentially utilized (Fig. 2). The addition of lipid-class
information allows for a more constrained estimate of
embryo density and, thus, a more realistic sinking-rate
estimate as development proceeds. Both the first and the
second scenarios showed the same trends, with increased

embryo densities during embryonic development. Density
in the third scenario was significantly lower, particularly
during the later developmental stages, because protein was
used for structural development at the early and late limbbud stages (Amsler and George 1985). The high density of
protein (1.2 g cm23 [Quetin and Ross 1984]) versus the low
density of lipids (0.99 g cm23 [measured here]) allows small
changes in modeled-protein levels in the third scenario to
have a significant impact on embryo density. By use of the
calibrated embryonic density of each developmental stage
of E. pacifica and T. spinifera, we can estimate sinking rates
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rates during the later stages may have resulted from the
lower embryo density caused by protein utilization. By use
of estimated sinking rates, together with measured development times at 10uC (Gómez-Gutiérrez 2003), the
depth reached for embryos at different developmental
stages was determined and is illustrated in Fig. 2. The
overall trend indicates that the embryos of T. spinifera are
found relatively shallower than those of E. pacifica at the
equivalent developmental stage.

Discussion

Fig. 1. Total fatty-acid concentration (mg embryo 21 )
grouped by fatty-acid class in (A) Euphausia pacifica and (B)
Thysanoessa spinifera embryos for three different developmental
stages for each species: multiple-cell (MC), gastrula (GL), blastula
(BL), early limb-bud (eLB), and late limb-bud (lLB). SAFA 5
saturated fatty acids, MUFA 5 monounsaturated fatty acids,
PUFA 5 polyunsaturated fatty acids, and BrFA 5 branched
fatty acids.

for both species as development proceeds (Web Appendix
1, Eq. A4 ). Calculated rates are shown in Table 4. These
estimates suggest that the embryos of E. pacifica and T.
spinifera are always negatively buoyant, with significant
sinking rates (118–194 and 77–139 m d21, respectively
[Table 4]). Even though the embryos of T. spinifera showed
similar densities as those of E. pacifica or slightly higher,
their smaller size (i.e., diameter) leads to a lower predicted
sinking rate for T. spinifera embryos. Among all three
scenarios, sinking rates showed only minor differences
during early developmental stages (from SC to BL).
Sinking rates slow with later embryonic stages (lLB and
eLB for both species), and the more detailed composition in
the third scenario results in slower rates than those
estimated under more simple scenarios. The slower sinking

Gómez-Gutiérrez (2003) reported that the average
carbon content of E. pacifica decreased in each successive
development stage, which suggests energy consumption by
the embryo during development. Our study shows a steady
decrease of lipids during embryogenesis, a result also
shown during successive embryonic development stages of
E. superba (Amsler and George 1985). Energetically, lipids
yield 9.45 cal mg21 (Brett and Groves 1979), which
suggests that it contributed 0.0302 cal embryo21 during
early development of these two species. This estimate
closely matches the estimation (0.0331 cal embryo21) for
the Antarctic species E. superba (Amsler and George 1985).
Nevertheless, the energetic contribution of other biochemical components, including proteins and perhaps carbohydrates, cannot be ignored during embryo development. For
example, increased protein utilization takes place for
structural development at the two limb-bud stages and
form naupliar limbs that will become the first and second
antennae and the mandible (Amsler and George 1985). At
MC stage, the embryos of E. pacifica had slightly higher
lipid content than those of T. spinifera (Table 1). This
difference may be associated with the characteristic egg size
for each species. Gómez-Gutiérrez (2003) showed that
mean chorion and embryo diameters, excluding the
perivitelline space of E. pacifica (407 and 378 mm, respectively), were significantly greater than those for T.
spinifera (363 and 353 mm, respectively), which would allow
greater lipid stores. In fact, after hatching, nauplii of E.
pacifica are larger and more robust than nauplii of T.
spinifera, with an ovoid and more slender body shape.
Although phospholipids (PL) are generally known for
their structural function, they have also been suggested to
play an important role as energy storage for overwintering
and reproduction in some euphausiid species (Hagen et al.
1996; Albessard et al. 2001; Mayzaud et al. 2003). The high
abundance and decrease of absolute concentration of PL
during development demonstrate that this lipid class not
only is a structural component in embryos of these two
euphausiid species but also acts as important energy stores.
Phospholipids also include a significant amount of longchain polyunsaturated fatty acids known as essential
components of adult E. pacifica and T. spinifera (Ju and
Harvey unpubl.). Relatively higher amounts of WE were
present in the eggs of T. spinifera, whereas only trace
amounts of WE were detected in the embryos of E. pacifica.
The lipid-class distribution in embryos for these species
were not expected and is similar to the composition
observed in the adult animals (Ju and Harvey unpubl.),
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Table 3. Sterol composition (% of total sterols) and alcohol content (mg embryo21) in the embryos of E. pacifica and T. spinifera
during embryonic development.
E. pacifica
Compound
Sterols
Cholest-5.22-dien-3b-ol
Cholest-5-en-3b-ol (cholesterol)
Cholesta-5.24-dien-3b-ol
24-Methylcholesta-5.24(28)-dien-3b-ol
24-Methylcholest-5-en-3b-ol
24-Ethylcholesta-5-en-3b-ol
24-Ethylcholesta-5.24(28)Z-dien-3b-ol
Total sterols (mg embryo21)
Total alcohols{ (mg embryo21)
Phytol (mg embryo21)

T. spinifera

MC (50)*

GL (60)

lLB (29)

MC (66)

BL (92)

eLB (27)

2.1
95.6
2.4
—
—
—
—
0.10
—
0.08

2.7
94.8
2.6
—
—
—
—
0.02
—
—

2.0
96.4
1.6
—
—
—
—
0.01
—
—

0.7
82.4
12.8
2.3
0.5
1.0
0.3
0.11
0.01
0.15

0.8
96.2
0.6
1.3
0.4
0.6
0.1
0.14
0.01
0.21

Tr
99.9
Tr
—
—
—
—
0.01
—
—

* Number of embryos pooled in the sample.
{ Only 16:0 and 18:0 alcohols were found.
Tr indicates , 0.1%. The symbol — indicates not detected.

which suggests the lack of selective lipid mobilization
during egg formation. Lipids such as TAG, FFA, and ST
steadily decreased during early embryogenesis for T.
spinifera, but for E. pacifica, their utilization peaked during
stages between MC and GL stages. The selective utilization
of lipid classes (especially wax esters in T. spinifera
embryos) and biochemical components during embryogenesis could affect embryo density and sinking rates in the
water column.
Among fatty acids, 16:0, 16:1v7, and 20:5v3 (eicosapentaenoic acid [EPA]) were dominant, with considerable
changes during early embryonic development for both
euphausiid species. These fatty acids were also found to be
major components in juveniles and adults of E. pacifica and
T. spinifera in the Oregon region (Ju and Harvey unpubl.),
and their presence in eggs reflects their direct transfer from
brooding females. The concentration of 22:6v3, known as
an essential fatty acid for embryonic and larval development (e.g., Watanabe 1993), showed little change through
the developmental stages examined. The selective retention
of the 22:6v3 fatty acid suggests that it may be reserved for
the final stages of embryonic development, nonfeeding
metanauplii and nauplii larval stages, or both. Euphausiids,
as do other crustaceans, have limited capacity for de novo
sterol synthesis, and, thus, sterols and fatty alcohols,
including phytol, can provide useful indices as dietary
(trophic) markers (Virtue et al. 1993; Ederington et al.
1995; Ju and Harvey 2004). The appearance of a number of
algal sterols and alcohols in T. spinifera embryos suggests
significant transfer of algal-derived lipids from gravid
female into the gonad during oögenesis.
In general, the embryos of the broadcast euphausiid are
negatively buoyant. An exception is the neritic Antarctic
species E. crystallorophias, whose embryos are adapted to
remain at near-surface waters (Harrington and Thomas
1987). Our results indicate that the embryos of E. pacifica
and T. spinifera are also negatively buoyant, with estimated
sinking rates of freshly spawned embryos (SC stage) about

128 m d21 for E. pacifica and 126 m d21 for T. spinifera
under laboratory conditions (Gómez-Gutiérrez 2003). Such
embryo-sinking rates are similar to those estimated for the
Antarctic E. superba (George and Strömberg 1985) and for
T. longipedata from the North Atlantic (Williams and
Lindley 1982). Yet, they are slower by almost half that of E.
superba, as measured by Marschall (1983) and Quetin and
Ross (1984). E. pacifica and T. spinifera embryo sinking
rates are almost twice as fast as that estimated for eggs (i.e.,
embryos) of two Arctic euphausiid species, T. inermis and
T. raschii (Timofeev 1990). These sinking rates represent
average behavior of the population; embryo size greatly
varies within and between species, both spatially and
temporally, which has an impact on sinking rates (GómezGutiérrez 2003). Other factors are also important, including the tendency of the eggs of T. spinifera to attach to
particles and debris (Gómez-Gutiérrez 2003).
Hatching rates are also temperature dependent, and both
Quetin and Ross (1984) and George and Strömberg (1985)
have shown that warmer temperatures accelerate hatching
times. By use of the temperature-dependent hatching time
observed for E. pacifica at 1uC and .20uC by Iguchi and
Ikeda (1994) and our own measurements (7uC, 10uC, and
15uC), we find that development time can be estimated by
HT 5 7.94 3 e20.1244(T) (r 5 0.974, p , 0.001), where HT
is hatching time expressed in days, and T is laboratory
temperature of embryonic development (uC). The average
summer vertical-temperature structure at the same location
(NH-line: 44.6uN) where females were collected during the
1998–2003 sampling period have surface temperatures of
10uC near the coast, which warm up to 17uC offshore
(160 km offshore) (Huyer et al. 2005). The maximum
vertical-temperature gradient is typically 10uC (17uC at
surface to 7uC at 150-m depth). Under these field
conditions, if average, measured, embryo-sinking rates of
127 m d21 are used for both species (assumed constant),
and temperature-dependent hatching time is as described
above, the maximum depth of embryo at hatching could

SC
MC
BL
eLB
SC
MC
BL
eLB
SC
MC
BL
eLB

SC
MC
GL
lLB
SC
MC
GL
lLB
SC
MC
GL
lLB

Developmental
stage

185
180
176
171
185
180
176
171
185
180
176
171

195
205
202
217
195
205
202
217
195
205
202
217

Mean radius of
chorion (mm)

1.0
5.6
11.6
17.8
1.0
5.6
11.6
17.8
1.0
5.6
11.6
17.8

1.9
3.6
8.5
26.6
1.9
3.6
8.5
26.6
1.9
3.6
8.5
26.6

Development
time (h)

0.146
0.131
0.133
0.057
0.146
0.132
0.132
0.058
0.144
0.131
0.129
0.059

0.134
0.135
0.097
0.038
0.134
0.135
0.101
0.039
0.133
0.133
0.105
0.039

Lipid

—
—
—
—
—
—
—
—
0.229
0.217
0.206
0.144

—
—
—
—
—
—
—
—
0.208
0.198
0.186
0.132

Protein

—
—
—
—
—
—
—
—
0.681
0.705
0.714
0.844

—
—
—
—
—
—
—
—
0.710
0.719
0.762
0.874

Seawater

Contributed density

0.908
0.924
0.921
1.003
0.908
0.924
0.921
1.003
—
—
—
—

0.917
0.915
0.957
1.020
0.917
0.915
0.957
1.020
—
—
—
—

Others

1.053
1.055
1.054
1.060
1.053
1.055
1.053
1.061
1.053
1.053
1.050
1.046

1.050
1.050
1.053
1.057
1.050
1.050
1.058
1.058
1.050
1.049
1.054
1.045

Embryo density
(g cm23)

139.2
124.8
117.6
127.2
139.2
127.2
112.8
132.0
139.2
120.0
98.4
76.8

136.8
139.2
148.8
187.2
136.8
139.2
172.8
194.4
136.8
132.0
156.0
117.6

Embryo sinking
rate (m d21)

Estimation of embryo density and sinking rate of each developmental stage under different scenarios for Euphausia pacifica and Thysanoessa spinifera.

Scenario 1: Density of lipid 5 0.99 (g cm23). Density of other components (mainly protein and seawater) 5 1.059 (g cm23). Scenario 2: Density of lipid was varied with their composition taken from
Table 2. Density of others (mainly protein and seawater) 5 1.059 (g cm23). Scenario 3: All three major biochemical components (lipid, protein, and seawater) in embryos are used to calculate
density.

Scenario 3

Scenario 2

T. spinifera
Scenario 1

Scenario 3

Scenario 2

E. pacifica
Scenario 1

Scenario

Table 4.
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Fig. 2. Estimated embryo density of (A) Euphausia pacifica and (B) Thysanoessa spinifera
through early embryogenesis compared with the mean seawater density off the Oregon coast.
Development stages include multiple-cell (MC), gastrula (GL), blastula (BL), early limb-bud
(eLB), and late limb-bud (lLB). Depth of each embryonic stage was determined by use of
estimated sinking rate, with developmental time measured under laboratory condition
(see Table 4).

range between 120 m and 421 m (at 17uC and 7uC,
respectively). At the average temperature of 10uC, the
hatch depth would be about 289 m. This finding supports
the hypothesis of Ross and Quetin (1985) that the hatchingtime dependence on temperature could have a significant
effect on maximum hatching depth.
Lipids have been suggested not only to provide the
energy requirement for embryo development but also to be
important for the buoyancy (i.e., density) of the euphausiid
embryos. Our results suggest that lipid content and
composition in embryos shows substantial changes during
development, which have the potential to alter their sinking
rates. Although sinking rates of T. spinifera embryos might
increase at depth as wax esters are compressed, embryos
typically hatch within approximately 40 h of release at
10uC. As a result, changes in sinking rate caused by
compression of wax esters may not have an ecologically
significant effect. For these two species, the presence of
phospholipids provides the primary control over changes
in buoyancy (and, thus, sinking rate) of embryos compared with species with triacylglycerol or wax-ester lipid
stores.
Embryos of E. pacifica and T. spinifera appear to be
similar to embryos of other broadcast euphausiids in their
negative buoyancy. Detailed lipid composition shows that
embryos and adults are similar in their overall lipid
composition, which suggests that lipid is transferred
directly from adults during egg formation, with little

modification from dietary sources. As a consequence, we
might expect lipid composition in embryos to vary with the
nutritional condition of adult females and hatch success be
strongly influenced by recent feeding success. More
important is the unique presence of phospholipids as
a major component of energy storage and utilization for
developing embryos, which has not been observed in eggs
(i.e., embryos) of other crustaceans. The higher density of
phospholipids compared with other lipid fractions and
similarity to seawater also serves to moderate changes in
density during utilization. This factor is critical for
euphausiid survival in continental-shelf waters, where eggs
laid at the surface must hatch before reaching the
underlying sediment to minimize the risk of benthic
predation. The storage and utilization of PL, compared
with more common lipids present a distinct advantage for
embryo survival. The higher density of embryos initially
allows them to sink rapidly from surface waters, which may
help them to survive the predation by pelagic predators
such as large medusae (Suchmann et al., in press), other
zooplankton, and fish larvae. The metabolism of PL during
embryonic development has a small affect on sinking rate
compared with less-dense lipid classes (i.e., TAG, WE),
which allows embryos to sink slowly and, thus, to hatch in
deeper waters, but before being entrained in sediments.
Although this mechanism has not been observed elsewhere,
it provides a novel metabolic adaptation to enhance
embryo survival.
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